ABSTRACT Nutrient mass balances were determined for turkeys fed 4 diets in a 2 × 2 factorial design to investigate the effects of diets with 100 or 110% of NRC (1994)-recommended amino acid (AA) formulation and diets containing 2 (Lys and Met) or 3 (Lys, Met, and Thr) supplemental AA. Hybrid tom turkeys were raised and monitored in 12 rooms (3 replicates/diet; 20 toms/ room at hatch, culled to 16 at 21 d and then to 12 at 28 d of age). All feed and litter entering and leaving the rooms were quantified and analyzed for nutrient content. Air emissions were measured throughout the 20-wk study. The 100% NRC diets resulted in lower cumulative loss of NH 3 (by 14%) and H 2 S (by 21%) as compared with the 110% NRC diets. Reductions corresponded to lower N and S intake. Feeding the 3 supplemental AA diets resulted in lower N excretion (by 12%) and lower cumulative loss of NH 3 (by 23%) as compared with the 2 supplemental AA diets. The NH 3 emission as a percentage of N output was not significantly influenced by dietary CP (100 vs. 110% of NRC); however, the 3 supplemental AA diets resulted in less NH 3 emitted as a percentage of N output as compared with the 2 supplemental AA diets (9.9 vs. 11.8%). Across all 4 diets, N partitioning averaged 31.4, 56.9, and11.4% for retention, excretion, and air emission, respectively. The N loss estimated from the mass balance approach (9.6%) was comparable with the measured N loss as air emission (11.9%). Partitioning of P averaged 31.9 and 68.1% for retention and excretion, respectively. Partitioning of S averaged 27.5, 72.1, and 0.5% for retention, excretion, and air emission, respectively. The results illustrated the fate of N, P, and S in a turkey production system and demonstrated the potential for reducing nutrient excretion and air emissions from turkeys through diet modification of AA.
INTRODUCTION
Reducing the loss of nutrients from poultry operations through proper management continues to be of great importance to producers. Much of the nutrient loss is in the form of air emissions. Dietary modification strategies have been studied to reduce air emissions while maintaining bird performance . Because many of the nitrogenous air emissions from poultry manure come from the degradation of amino acids (AA), most of the work on reducing N through dietary means has focused on reducing dietary CP and supplementing AA that are the most limiting in the diet to match bird dietary requirements, thereby improving feed conversion efficiency. Diets used by the poultry industry are currently formulated with crystalline l-Lys, dl-Met, and, in some cases, l-Thr. Several studies have indicated that 100 to 107% of NRC (1994) recommendations for essential AA are needed to maximize the growth and breast meat yield of turkeys (Sell et al., 1994; Waibel et al., 1995; Boling and Firman, 1997; Kidd et al., 1997; Waldroup et al., 1997) . Applegate et al. (2008b) fed turkeys either 100 or 110% of NRC (1994) recommendations for AA in 4-wk phases and reported that diet formulation had no effect on BW or breast meat yields, but toms fed the 100% NRC diets had lower N intake (7%) and excretion (7%) compared with toms fed the 110% NRC diets. In addition, formulation with 3 supplemental AA resulted in a sizeable reduction in N intake (8%) and excretion (11%) as compared with formulation with 2 supplemental AA. Liu et al. (2011) demonstrated that the 100% NRC diets resulted in lower emission rates of NH 3 , H 2 S, and nonmethane hydrocarbon as compared with the 110% NRC diets, and that formulation with 3 supplemental AA resulted in lower emission rates of NH 3 as compared with formulation with 2 supplemental AA.
Regional and national governments are beginning to address air quality concerns for poultry production systems through policy development and implementation of regulations (Powers et al., 2005) . The NRC (2003) has recommended the use of mass balance accounting of nutrients in animal production systems as a means to accurately estimate total emissions of volatile nutrients such as N. This paper considers nutrient retention and excretion by turkeys fed diets containing different CP concentrations and AA supplementation. The objectives of this work were to determine whether lowering dietary CP and inclusion of 3 instead of 2 supplemental AA in diets would result in measurable differences in nutrient mass balance for a turkey operation, and to validate the mass balance approach for estimating nutrient loss in environmental rooms.
MATERIALS AND METHODS

Turkeys
Hybrid (Ontario, Canada) tom turkeys were raised and monitored in pens in 12 environmentally controlled rooms (2.14 × 3.97 × 2.59 m, height × width × length) at the Animal Air Quality Research Facility at Michigan State University for 20 wk from June 18 to November 4, 2008. Conditions within the environmental rooms were managed to optimize bird health and productivity. The rooms were temperature controlled, and ventilation included no recycling of air, thereby contributing to good bird performance. The numbers of toms per room were 20 at hatch, and were culled to 16 at 21 d of age and then to 12 at 28 d of age to maintain the proper stocking density. Toms in each room were weighed weekly before 56 d of age, and then on d 96, 112, and 140. Tom BW was calculated by dividing the total weight by the actual number of toms in the room. All bird procedures were approved by the Michigan State University Institutional Animal Care and Use Committee.
Diets
Turkeys were fed 4 diets resulting from a 2 × 2 factorial arrangement of 2 AA densities [100 or 110% of NRC (1994) recommendations] and 2 systems of synthetic AA addition (2 synthetic AA: Lys and Met; 3 synthetic AA: Lys, Met, and Thr) to the diet. Diets were formulated with corn, soybean meal, and 6% meat and bone meal and were fed in mash form. Tom turkeys were fed in 4-wk phases. A common diet was fed during phase 1 (0 to 4 wk of age), and the feeding of experimental diets began in phase 2. Details of the diet formulation were reported by Applegate et al. (2008b ;  Table 1 ). Feed was weighed weekly and feed consumption was recorded. Feed wastage was controlled as much as possible, but was added to unaccountable error for mass balance. Diets were sampled and analyzed at each feeding phase.
Litter
The bedding and litter material was wood shavings. Fresh litter and end litter on pens in each of the rooms were weighed and sampled before the beginning and at the end of the experiment, respectively. Litter was not removed throughout the 20-wk experiment. At the end of the experiment, the weight of litter in pens was 326 ± 46 kg/room (as-is basis), and litter DM was 72 ± 5% in the 12 rooms.
Chemical Analyses
Feed and litter entering and leaving the rooms were quantified and analyzed for nutrient content. Feed AA content was analyzed using HPLC (official method 975.44, 982.30; AOAC, 2006) . Crude protein or N content were determined using the Kjeldahl method (official method 984.13; AOAC, 2006) . Diet samples were analyzed by the University of Missouri Agriculture Experiment Station Laboratory. Analyzed nutrient contents for the 4 diets during the 5 feeding phases are reported in Liu et al. (2011) . Energy and mineral content of feed and litter was analyzed by the University of Arkansas Center for Excellence in Poultry Science laboratory using bomb calorimetry and inductively coupled plasma spectroscopy, respectively.
Air Emission Measurements
Through software control (LabVIEW Version 8.2, National Instruments Corp., Austin, TX), gas concentrations were measured in a sequential manner, first with incoming air for 15 min, then through the exhaust air of each of the 12 rooms for 15 min throughout the 140-d experiment. This allowed 7 to 8 daily observations per room (as described by Powers et al., 2007) . All gases were measured simultaneously within a sample stream by 3 gas analyzers: a chemiluminescence Analyzer (Model 17C, Thermo Fisher, Franklin, MA) that determines NH 3 , NO, and NO 2 concentrations; a pulsed fluorescence SO 2 -H 2 S Analyzer (TEI Model 450i, Franklin, MA); and an INNOVA 1412 photoacoustic analyzer (Lumasense Technologies, Ballerup, Denmark) that determines CO 2 , CH 4 , nonmethane total hydrocarbons, NH 3 , and N 2 O concentrations. Each room was individually ventilated, using 100% ambient air and ventilating all the air to the outside (no recycling). Gas emission rates were calculated as the product of ventilation rates and concentration differences between exhaust and incoming air. Details of the environmental rooms and the air emission measurements can be found in Liu et al. (2011) . 
Data Analysis
Data were analyzed statistically by ANOVA using the MIXED model procedure of SAS (SAS for Windows, version 9.1.3, SAS Institute Inc., Cary, NC) as a 2 (100 vs. 110% of NRC requirements) × 2 (2 vs. 3 supplemental AA) factorial arrangement, with individual rooms as replicates within diet. Tukey's test was applied in comparing diet effects. Statistical significance between means was determined at P < 0.05.
RESULTS AND DISCUSSION
Feed Intake and Bird Performance
The analyzed results of N, P, and S content in feed for the 4 diets during the 5 feeding phases are reported in Table 1 . The 100% NRC diets had lower N content as compared with the 110% NRC diets. Diets containing 3 supplemental AA had reduced soybean meal inclusion, resulting in diets with reduced N content as compared with diets containing 2 supplemental AA. Intakes did vary by phase (data not shown), and this may have been due to the energy:AA ratio. Diet effects were not significant for either feed intake or BW of toms. At 20 wk of age, the cumulative feed intake averaged 55.67 kg/bird and the BW averaged 19.8 kg/bird. Because of the different nutrient content in feed, feeding the 100% NRC feed resulted in 9% less N and 15% less S intake as compared with feeding the 110% NRC feed. The main effect means and least squares means of cumulative feed nutrient intakes and BW at 20 wk of age are presented in Table 2 . Bird performance measures beyond feed intake and BW were not measured in this study but are available in a companion study reported by Applegate et al. (2008b) in which similar diets were offered. Our data are in agreement with the findings of Applegate et al. (2008b) , which demonstrated that CP concentration can be reduced without negatively affecting bird performance provided that limiting AA are supplemented in the diet. Data from this study contribute to the affirmation that NRC (1994) recommendations are adequate to maintain bird performance.
Excretion (Manure Nutrients)
Lower N content was observed in litter from toms fed the 3 supplemental AA diets as compared with that in manure from toms fed the 2 supplemental AA (3.21 vs. 3.50%), reflecting the lower N excretion (0.99 vs. 1.13 kg/bird). Feeding the 100% diets resulted in lower N and S intakes by toms; however, this did not translate to reduced N and S excretion (reflected in litter N and S contents; Table 3 ). The rationale for this is uncertain, given the significance of change in N and S intakes, but the findings mimic those of our earlier study (Applegate et al., 2008b) . No diet effect was found on manure weight or P content of the manure. This was not unexpected because intakes of P were not significantly different across diets, given that the P content in the diet was not changed. The main effect means and least squares means of cumulative manure weight and N, P, and S contents in litter for each diet at 20 wk of age are presented in Table 3 .
Losses to Air Emissions
Feeding the 100% NRC diets resulted in lower emissions of NH 3 (1.5 vs. 1.8 g/bird-day), H 2 S (3.4 vs. 4.4 mg/bird-day), and nonmethane hydrocarbon (0.08 vs. 0.10 g/bird-day) as compared with the 110% NRC diets. Formulation with 3 supplemental AA resulted in lower emissions of NH 3 (1.4 vs. 1.8 g/bird-day) as compared with formulation with 2 supplemental AA (Liu et al., 2011) . The main effect means and least squares means of cumulative losses of N and S as air emission for each diet are presented in Table 4 . Feeding the 100% NRC diets resulted in less cumulative loss of NH 3 (by 14%) and H 2 S (by 21%) as compared with feeding the 110% NRC diets. This corresponds to reduced N and S intakes for the 100% NRC diets. Although the amounts of N and S in manure were not different as a result of feeding the 100% diets (Table 3) , as compared with feeding the 110% diets, differences were observed in air emissions from the rooms. This suggests that manure composition at the end of a 20-wk study was not a strong indicator of gaseous losses throughout the grow-out period. Feeding the 3 supplemental AA diets resulted in less cumulative loss of NH 3 (by 23%) compared with feeding the 2 supplemental AA diets, again corresponding to reduced N excretion when toms were fed the 3 supplemental AA diets. Generally, as a guide, each percentage unit reduction in diet CP corresponds to an 8 to 10% reduction in NH 3 emissions from swine and poultry (Aarnink et al., 1993; Jacob et al., 1994; Kay and Lee, 1997; Sutton et al., 1997) . Feeding the 100% NRC diets reduced N intake by 9% or approximately 9%. In general, dietary CP was reduced by 1.5 percentage units. Therefore, the 14% decrease in NH 3 emissions is comparable with what would be expected. Feeding diets supplemented with 3 AA decreased NH 3 emissions to a greater extent, suggesting that this strategy has greater application that reducing CP alone as a strategy to reduce NH 3 emissions.
N Balance
The total N input across diets averaged 1,828 g/ bird, including 1,826 g/bird (99.92%) from feed intake and 1.4 g/bird (0.08%) from day-old toms. The total N output averaged 1,874 g/bird, including 588 g/bird (31.4%) in ending toms, 1,066 g/bird (56.9%) in litter, 203 g/bird (10.8%) in NH 3 emission, and 14 g/bird (0.8%) in N 2 O emission, as shown in Figure 1 . The N retention in ending toms was calculated from bird BW and the N content in turkey tom carcasses (2.96% on an as-is basis), which was estimated from the analyzed values in references (Li et al., 2009) . The total N output was 102.3% of the total N input.
The possible sources of uncertainty when using the mass balance approach to estimate N loss may include 1) the N input from other sources, such as N in the starting litter and drinking water of toms, which was neglected in this study; 2) N loss in other forms, such as particulate NH 4 + emissions (the molar ratios of total particulate NH 4 + to gas phase NH 3 were observed to be 0.065 ± 0.028 in emissions from a laying hen operation; Z. Liu, L. Wang, and Q. Li, North Carolina State University, Raleigh; unpublished data); 3) N loss attributable to adsorption on the solid surfaces of the rooms; 4) uncertainties in measurements of the weights of toms and litter; and 5) uncertainties in measurements of N content in the carcasses and litter. In spite of the above uncertainties, the N loss estimated from the mass balance approach (9.6% of N input) was comparable with the measured N loss as air emission (11.9% of N input). The N losses estimated from mass balance in 12 rooms were compared with measured values in Figure 2 . In room 11, the N loss estimated from the mass balance was 1.7 times higher than the measured value. This was mainly because of manure loss caused by an accidental water leak in this room. The manure data from room 11 were therefore not included in statistical analysis. In the other rooms, the N losses estimated from the mass balance were 85% of the corresponding measured values on average (ranging from 37 to 146% in different rooms). The results demonstrated the scale of uncertainty in using a mass balance approach to estimate N loss from turkey operations in environmental rooms. The main effect means and least squares means of the distribution of N output for each diet are presented in Table 5 . Although feeding the 100% NRC diets resulted in lower emissions of NH 3 as compared with feeding the 110% NRC diets, the distribution of N output was not influenced by the level of AA formulation relative to NRC. The NH 3 -N emission as a percentage of N output was not different for the 100 and 110% NRC diets. This indicated that the reduction of NH 3 emission when feeding the 100% NRC diet instead of the 110% diet was mainly due to the reduction of N input. In contrast, the distribution of N output was influenced by the number of supplemental AA. Feeding the 3 supplemental AA diets resulted in a higher N retention in toms (33.2 vs. 30.2%) and less NH 3 emission (9.9 vs. 11.8%) on distribution of the N output as compared with feeding the 2 supplemental AA diets. The results suggest potential for improving N conversion efficiency by including more supplemental AA in the diets. The N in manure as a percentage of N output was not influenced by diet.
Reference N mass balance values for poultry are listed in Table 6 for comparison with the results of this study. The N losses estimated by mass balance were in the range of 9.6% to as high as 60.5% of total N input. Variations in results between those studies can likely be attributed to differences in litter age, bird age per species, and climate, in addition to measurement uncertainties. Wu-Haan et al. (2007) studied the N mass balance for laying hens in environmental rooms and reported 14.5 and 21.9% measured N loss as air emission, which is comparable with the results of this study. Li et al. (2009) reported large uncertainties when using a mass balance approach to estimate N loss from a commercial turkey grow-out house. The discrepancy between the N lost when estimated using a mass balance approach and the measured N lost as air emission was positively related to the amount of N lost to air. The discrepancy was lowest in winter (flock 3), and highest in summer (flock 1) when temperatures were high and most of the total excreted N was volatilized. The results may indicate a large underestimation of measured N lost in summer.
P Balance
The total P input across diets averaged 477 g/bird, including 476 g/bird (99.9%) from feed intake and 1 g/bird (0.1%) from day-old toms. The total P output averaged 604 g/bird, including 192 g/bird (31.9%) in ending toms and 412 g/bird (68.1%) in litter, as shown in Figure 3 . The P retention in ending toms was calculated from bird BW and the P content in turkey tom carcasses (0.97% on an as-is basis), which was estimated from analyzed values in references (Applegate et al., 2008a) . These calculations, possibly because of the use of an assumed content in the birds themselves, result in the output being 126.8% of the total P input. The main effect means and least squares means of the distribution of P output for each diet are presented in Table 5 . No diet effect was found on the distribution of P output.
Reference mass balance values of P for poultry are listed in Table 7 for comparison with the results of this study. The total output of P was often greater than the total P input in the studies by Applegate et al. (2008a) and Wu-Haan et al. (2007) . The results indicate either overestimation of P output or underestimation of P input, which requires further investigation.
S Balance
The total S input across diets averaged 120.0 g/ bird, including 119.9 g/bird (99.92%) from feed intake and 0.1 g/bird (0.08%) from day-old toms. The total S output averaged 120.4 g/bird, including 33.1 g/bird (27.5%) in ending toms, 86.8 g/bird (72.0%) in litter, and 0.6 g/bird (0.5%) in H 2 S emission, as shown in Figure 4 . The S retention in ending toms was calculated from bird BW and the S content in turkey tom carcasses (0.16% on an as-is basis), which was estimated from analyzed values in references (Applegate et al., 2008a) . The total S output was 100.4% of the total S input.
The main effect means and least squares means of the distribution of S output for each diet are presented in Table 5 . Feeding the 100% NRC diets resulted in a lower H 2 S-S emission as a percentage of N output as compared with feeding the 110% NRC diets. The S in manure as a percentage of N output was not influenced Leeson and Atteh, 1995 43.0, 24.6 Turkey Mian and Garlich, 1995 38.4, 52.2 Turkey Piquer et al., 1995 43.0, 49.6 Turkey Qian et al., 1996 45.8, 57.3 Turkey Yi et al., 1996 47.8, 51.9 Turkey Elwinger and Svensson, 1996 18-20 Broiler Patterson et al., 1998 51 1 N retention was determined from the mass of nutrient in the carcass of the bird or in eggs. 2 Apparent N excretion was defined from the mass of N in manure. 3 The ratio of total N output over total N input = N retention % + apparent N excretion % + measured N loss as air emission %. 4 N loss estimated from mass balance = 100% − N retention % − apparent N excretion %. 5 Percentage of N volatilized from total excretion was determined as the ratio of N loss estimated from mass balance over the total N excretion (100% − N retention %).
6 Average value summarized from peer-reviewed publications from 1985 to 2003. 7 N retention in eggs. by diet. This indicated that the reduction of H 2 S emission when feeding the 100% NRC diets instead of the 110% diets could have resulted from both the reduction of S input and the reduction in the percentage of S volatilized in the total S output.
Reference mass balance values of S for poultry are listed in Table 8 for comparison with the results of this study. The sum of S retention and apparent S excretion as a percentage of total S input were in the range of 98.5 to 101.3% in turkey operations, which indicated a very low percentage of S loss. The S loss estimated by mass balance was higher in a laying hen study by WuHaan et al. (2007) .
Conclusions
This study demonstrated that modification of both the diet CP (100 vs. 110% of NRC) and the supplemental AA (3 vs. 2) can reduce N excretion from turkey toms, and therefore can result in reduced cumulative loss of NH 3 . It was observed that the NH 3 emission as a percentage of N output was influenced by the supplemental AA but was not significantly influenced by the dietary CP. The results suggest potential for improving N conversion efficiency by including more supplemental AA in the diets. The findings also demonstrate that although dietary treatments may reduce losses in the form of gaseous emissions, litter or excreta composition may not reflect the differences in gaseous losses that occur, and therefore may not serve as a strong indicator of the potential for reducing air emissions by using dietary strategies. The study illustrated the fate of N, P, and S in a turkey production system through nutrient balance. The N loss estimated from the mass balance approach was comparable with the measured N loss as air emission, which demonstrated the effectiveness and scale of uncertainty of using a mass balance approach to estimate N loss from turkey operations in environmental rooms.
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